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Being  inherently  safe  and  chemically  compatible  with  the  electrolyte,  titanium  oxide-based  materials, 
including  both  Li-titanites  and  various  Ti02  polymorphs,  are  considered  alternatives  to  carbonaceous 
anodes  in  Li-ion  batteries.  Given  the  commercial  success  of  the  spinel  lithium  titanites,  Ti02  poly¬ 
morphs,  in  particular  in  nanostructured  forms,  have  been  fabricated  and  investigated  for  the  applications. 
Nanostructuring  leads  to  increased  reaction  areas,  shortened  Li+  diffusion  and  potentially  enhanced  solu¬ 
bility/capacity.  Integration  with  an  electron-conductive  second  phase  into  the  Ti02 -based  nanostructures 
eases  the  electron  transport,  resulting  in  further  improved  lithium  electrochemical  activity  and  the  overall 
electrochemical  performance.  This  paper  reviews  structural  characteristics  and  Li-electrochemical  reac¬ 
tivity,  along  with  synthetic  approaches,  of  nanostructures  and  nano-composites  based  on  lithium  titanites 
and  Ti02  polymorphs  that  include  rutile,  anatase,  bronze  and  brookite. 
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1.  Introduction 

With  great  success  in  the  portable  electronic  sector,  Li-ion  bat¬ 
teries  are  considered  the  most  promising  energy  storage  technology 
for  hybrid,  plug-in  hybrid,  and  electric  vehicle  applications.  It  is 
also  among  the  technologies  increasingly  interested  in  to  smooth 
out  intermittency  of  wind  and  solar  power  and  improve  reliabil¬ 
ity  and  efficiency  of  electrical  grids.  For  the  emerging  large-scale 
applications,  however,  fundamental  improvements  are  needed 
with  regard  to  power,  safety,  cycle  life,  cost,  etc.  [1-5].  Given 
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that  the  performance  of  Li-ion  batteries  strongly  depends  on  the 
electrodes  properties,  significant  improvement  in  the  electrochem¬ 
ical  properties  of  electrodes  materials  are  essential  to  meet  the 
demanding  requirements  of  these  applications.  One  example  of 
this  improvement  is  the  rapid  development  of  nanomaterials.  The 
size  reduction  into  the  nano-scale  (<100  nm)  leads  to  increased 
electrode/electrolyte  contact  areas  and  shortened  Li+  transport  dis¬ 
tance,  permitting  batteries  to  operate  at  higher  power  [6-9].  The 
benefits  of  nanostructuring  are  in  particular  applicable  to  the  mate¬ 
rials  that  exhibit  low  electronic  and/or  ionic  conductivity,  while 
with  appropriate  reactivity  with  electrolyte.  The  increased  reactiv¬ 
ity  to  electrolytes  due  to  the  size  reduction  and  increased  reaction 
areas  may  adversely  affects  the  Li-ion  battery  performance.  Among 
the  materials  that  greatly  benefit  from  nanostructuring  are  tita- 
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nium  oxides-based  compositions,  including  both  lithium  titanites 
and  various  polymorphs  of  Ti02.  Being  abundant,  low  cost,  and 
environmentally  benign,  along  with  some  performance  advantages, 
nanostructured  titanium  oxide-based  materials  have  been  widely 
studied  and  are  considered  good  alternatives  to  the  carbon-based 
anode  materials  in  some  Li-ion  batteries.  This  paper  provides  an 
overview  on  the  titanium  oxide-based  nanostructures  and  their 
lithium  electrochemical  reactivity  as  anodes  in  Li-ion  batteries, 
while  exploring  routes  of  materials  and  synthetic  modifications  for 
further  improved  battery  performance. 

2.  Lithium  titanites 

Interests  in  titanium  oxide-based  materials  for  anode  applica¬ 
tions  can  be  traced  back  to  the  finding  of  Li-insertion  activities 
in  the  lithium  titanites.  Since  early  1990s,  Dahn,  Thackeray,  and 
Ohzuku  et  al.  [10-12]  studied  and  reported  Li-insertion  properties 
of  spinel  oxides  Li1+xTi2_x04,  0  <x<  1/3.  Both  metallic  LiTi204  and 
semiconducting  Li4/3Ti5/304  (Li4Ti50i2)  exhibit  similar  Li-insertion 
electrochemistry  with  Li-insertion  potential  being  1.36-1.338  V  for 
LiTi204  and  1.55-1.562  V  for  Li4Ti50i2,  respectively  [10,13].  The 
relatively  high  potential  vs.  Li  makes  the  titanite  electrodes  intrin¬ 
sically  safer  compared  to  graphite,  which  has  an  operating  voltage 
close  to  Li  electroplating  potential  and  thus  raises  concerns  over 
its  safety.  Li4Ti50i2  accommodates  Li  with  a  theoretical  capacity 
of  175  mAh  g-1,  based  on  the  mass  of  the  starting  host  material, 
according  to  the  equation 

[Li]8a[Li1/3,  Ti5/3]16d[04]32e  +  e-  +  Li+ 

^  [Li2]16c[Li1/3,  Ti5/3]16d[04]32e  (1) 

where  the  superscripts  stand  for  the  number  of  equivalent 
sites  with  Wyckoff  symbols  for  the  space  group  Fd3m.  Li- 
insertion  I  deinsertion  in  the  Li-titanites  is  accompanied  by  little 
or  no  volume  change  or  structural  straining.  Consequently,  these 
materials  have  demonstrated  excellent  cycle  life  [12].  Their  Li+  dif¬ 
fusion  coefficients  of  about  10-6  cm2  s-1  by  neutron  radiography 

[14]  or  2  x  10-8cm2  s-1  by  electrochemistry  have  been  reported 

[15] . 

The  titanites  have  a  spinel  structure  that  consists  of  a  cubic  close 
packed  oxygen  array  in  which  Li  occupies  tetrahedral  (8a)  and  octa¬ 
hedral  (16c,  16d)  sites,  while  Ti  is  located  with  part  of  Li  ions  at  the 
16d  octahedral  sites  of  a  cubic  unit  cell  {Fd3m)  [10-12,16].  The  over¬ 
all  Li-insertion  capacity  is  limited  by  the  number  of  free  octahedral 
sites.  In  the  titanite  spinel,  the  [Li1/3Ti5/3]04  framework  provides  a 
three-dimensional  network  of  channels  for  facile  Li+  diffusion  [17] 
and  exhibits  a  minimal  volume  expansion  even  after  full  lithiation. 
Accordingly,  the  minimal  structural  change  during  lithium  inser¬ 
tion/extraction  makes  it  an  attractive  anode  for  high  rate,  long-cycle 
life  battery  applications.  Peramunage  and  Abraham  [16]  reported 
Li4Ti50i2/PAN  electrolyte//LiMn204  batteries  that  demonstrated  an 
excellent  rechargeability  at  nearly  100%  coulombic  efficiency  at  a 
1 C rate.  Importantly  the  authors  introduced  first  time  the  concept  of 
passivation-free  negative  electrodes  and  used  aluminum  as  current 
collector  for  the  negative  electrode. 

Given  lithium  titanites  have  no  side  reactions  with  electrolytes 
that  are  directly  related  to  the  irreversible  capacity,  nanostructuring 
has  been  employed  to  improve  their  Li-intercalation  properties  by 
increasing  electrode/electrolyte  interfacial  contact  area  and  facil¬ 
itating  charge  transport.  Kim  and  Cho  [18]  prepared  Li4Ti50i2 
nanowires  of  150  nm  diameter  by  firing  a  mixture  of  Ti02  1.25H20 
nanowires  and  Li  acetates  at  800  °C  for  3  h.  The  synthesized  spinel 
nanowires  demonstrated  a  first  discharge  capacity  of  165  mAhg-1 
at  a  1/10C  rate  and  93%  capacity  retention  at  10C  rate  (see  Fig.  1). 
Kavan  and  Gratzel  [19]  reported  a  thin  film-nanocrystalline  spinel 
with  a  thickness  of  2.0-6.0  nm,  showing  an  excellent  rate  capabil- 


Fig.  1.  Voltage  profiles  of  (a)  LUTisO^  nanowires  in  a  coin-type  half-cell  and  dis¬ 
charge  capacity  as  a  function  of  cycle  number  and  (b)  rate  capability  test  of  the 
Li4Ti50i2  nanowires  at  different  C  rates  (0.5, 1,  5  and  10C).  The  charge  rate  was  fixed 
at  0.1C(=16mAg_1)  [18]. 

ity  compared  to  the  composite  spinels.  The  improved  performance 
with  nanostructuring,  combined  with  their  inherent  structural 
stability,  favorable  interface  chemistry,  and  safety,  make  nanos¬ 
tructured  lithium  titanites  an  excellent  alternative  anode  for  low 
cost,  long-cycle  life,  high  power  Li-ion  batteries.  The  nanostruc¬ 
tured  titanites  have  been  used  as  anodes  in  commercial  Li-battery 
systems  demonstrated  for  large-scale  applications. 

3.  Titanium  oxide  (Ti02)  polymorphs 

Following  the  finding  of  promising  Li-insertion  properties  in 
the  titanite  spinels,  lately  there  have  been  increasing  interests  in 
various  Ti02  polymorphs,  in  particular  in  their  nanostructures  for 
Li-ion  battery  applications.  While  Li4Ti50i2  is  an  excellent  host  for 
reversible  Li-insertion/extraction,  its  specific  capacity  is  limited  to 
175 mAhg-1.  In  comparison,  Ti02  offers  a  capacity  up  to  its  theo¬ 
retical  value  at  335  or  1.0  Ti  per  Ti02.  Ti02  polymorphs  reported 
to  date  include  rutile,  anatase,  brookite,  Ti02-B  (bronze),  Ti02-R 
(ramsdellite),  Ti02-H  (hollandite),  Ti02-II  (columbite)  and  Ti02-III 
(baddeleyite).  Table  1  lists  details  of  these  distinctive  polymorph 


Table  1 

Structural  parameters  of  HO2  polymorphs. 


Structure 

Space  group 

Density 

(gem-3) 

Unit  cell  (A) 

Reference 

Rutile 

P42/mnm 

4.13 

a  =  4.59,  c  =  2.96 

[34,35,42] 

Anatase 

I4\/amd 

3.79 

a  =  3.79,  c  =  9.51 

[34,35,42] 

Brookite 

Pbca 

3.99 

a  =  9.17,  b  =  5.46,  c  =  5.14 

[34,36,42] 

Ti02  (B) 

C2/m 

3.64 

a  =  12.17,  b  =  3.74,  c  =  6.51, 

=  107.29° 

[34,37,42] 

Ti02 -II 

Pbcn 

4.33 

a  =  4.52,  b  =  5.5,  c  =  4.94 

[34,38,42] 

Ti02  (H) 

/4/m 

3.46 

a  =  10.18,  c  =  2.97 

[34,39,42] 

Ti02-III 

P2i/c 

C 

a  =  4.64,  b  =  4.76,  c  =  4.81, 

/3  =  99.2° 

[40,42] 

Ti02  (R) 

Pbnm 

3.87 

a  =  4.9,  b  =  9.46,  c  =  2.96 

[41,42] 
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Fig.  2.  (a)  Rutile,  (b)  anatase,  (c)  brookite,  and  (d)  bronze(B)  of  Ti02. 
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structures.  Among  the  Ti02  polymorphs,  rutile,  anatase,  brookite 
and  Ti02-B  (see  Fig.  2)  have  been  reported  for  Lithium  electro¬ 
chemical  reactivity.  It  is  generally  considered  that  at  low  pressures 
only  rutile  has  a  true  field  of  stability;  anatase  and  brookite  form  a 
metastable  structure  [20,21]. 

Li-reaction  with  the  Ti02  polymorphs  is  conveniently  expressed 
as: 

xLi+  +  Ti02  +  xe_  **  LixTi02.  (2) 

This  redox  reaction  implies  not  only  the  insertion  of  xLi+,  but 
also  the  creation  of  charge  compensating  xTi111  cations  in  the  TiIV 
sublattice,  as  observed  in  X-ray  photoelectron  spectroscopy  exper¬ 
iments  [22,23]  and  supported  by  theoretical  calculations  [24-27], 
with  sources  of  structural  strain  and  relaxation  associated  with 
both  types  of  induced  defects  [28].  The  capacity  of  various  Ti02 
polymorphs  to  undergo  this  reaction,  and  relative  phase  stabili¬ 
ties  as  a  function  of  Li+  content,  have  been  examined  closely  with 
both  experiment  and  computational  molecular  modeling.  (Exper¬ 
imental  studies  are  reviewed  later  below.)  For  modeling  studies, 
both  quantum  mechanical  and  empirical  potential  atomistic  mod¬ 
eling  have  been  used  to  predict  relative  phase  stabilities,  but  not 
without  occasional  contradiction  or  disagreement  with  experi¬ 
ment.  In  one  of  the  earliest  molecular  modeling  studies  for  this 
purpose,  Mackrodt  [26]  performed  periodic  Hartree-Fock  struc¬ 
ture  optimizations  for  a  number  of  Ti02  and  LiTi02  polymorphs 
with  great  success.  Predicted  relative  stabilities  of  Ti02  polymorphs 
include  rutile  >  anatase  >  brookite  >  ramsdellite  >  spinel,  with  cal¬ 
culated  energy  difference  between  rutile  and  anatase  to  be 
0.02-0.06  eV,  in  excellent  agreement  with  density  functional  the¬ 
ory  calculations  at  the  LDA  level  [29]  and  the  measured  AH  of 
Navrotsky  and  Kleppa  [30].  More  recently,  computational  studies 
have  focused  on  the  diffusion  kinetics  of  Li+  in  various  Ti02  poly¬ 
morphs,  and  have  provided  insight  into  the  site  occupation,  local 
coordination,  and  energetics  that  underlie  Li  mobility  [31-33]. 

The  redox  reaction  defined  by  Eq.  (2)  occurs  typically  at 
1.5-1.8V  vs.  Li+/Li  redox  couple.  Similar  to  the  titanites,  the  rel¬ 
ative  high  potentials  make  the  Ti02  electrodes  inherently  safer 
than  the  graphite  anode  and  render  fewer  reactions  at  the  elec¬ 
trode/electrolyte  interfaces. 

One  draw  back,  however,  is  the  poor  conductivity  of  Li+  and 
accompanying  electrons  in  its  bulk  form,  limiting  the  electro¬ 
chemical  performance  of  Ti02  electrode  materials.  To  improve 
the  charge/ion  transport  properties,  Ti02  polymorphs  have  been 
fabricated  into  varied  nanostructures  that  resulted  in  improved  Li- 
insertion  properties. 

3.1  Rutile 

As  the  most  thermodynamically  stable  polymorph  of  Ti02,  rutile 
in  its  bulk  crystalline  form  can  only  accommodate  negligible  Li 
(<0.1  Li  per  Ti02  unit)  at  room  temperature  [14,43].  Increased  Li- 
reactivity  was  reported  at  120  °C  using  polymeric  rather  than  liquid 
electrolyte,  with  first  discharge  reversible  capacities  reaching  0.5  Li 
[44]  and  1  Li  [45]  perTi02  formula  unit.  It  is  commonly  agreed  that 
Li  diffusion  in  rutile  is  highly  anisotropic,  which  proceeds  through 
rapid  diffusion  along  c-axis  channels  [46-51].  Experimental  and 
simulation  studies  showed  that  the  Li+  diffusion  coefficient  along 
c-axis  is  approximately  10-6  cm2  s-1  while  in  the  ab-plane  only 
about  10-15cm2s-1  [47,48,52].  Therefore,  transport  is  very  slow 
in  the  ab-planes,  restricting  Li  ions  from  easily  reaching  the  ther¬ 
modynamically  favorable  octahedral  sites  and  limiting  Li  in  the 
c-channels.  Furthermore,  repulsive  Li— Li  interactions  in  c-channels 
together  with  trapped  Li-ion  pairs  in  the  ab-planes  may  block  the 
c-channels  and  restrict  insertion  well  below  its  theoretical  limit 
[48,51]. 


Specific  capacity  /mAhg-1 

0  40  80  120  160  200  240  280  320 


Cycle  number 

Fig.  3.  Galvanostatic  cycling  curves  of  rutile  Ti02  samples  using  a  30  mAg-1  current 
between  3  and  1 V  in  1  M  LiPF6  EC/DMC  electrolyte  at  20  °C.  The  capacity  retention 
is  reported  for  these  different  samples  [54]. 

Interestingly,  however,  the  Li-reactivity  increases  with  decreas¬ 
ing  the  particle  size.  Hu  et  al.  [  53  ]  reported  up  to  0.8  mol  Li-insertion 
into  nanostructured  rutile  Ti02  (10  nm  x  40  nm)  at  room  temper¬ 
ature,  while  only  0.1 -0.25  mol  of  Li  into  micrometer-sized  rutile. 
A  specific  charge  of  approximately  160 mAhg-1  was  obtained  at 
a  rate  of  C/20  after  50  cycles  and  that  decreased  to  150 mAhg-1 
at  C/5  and  100 mAhg-1  at  10C.  The  authors  found  that  Li-surface 
storage  on  the  nano-size  particles  can  be  energetically  more  favor¬ 
able  than  bulk  insertion.  Particle  size  effects  were  further  examined 
by  Baudrin  et  al.  [54],  as  shown  in  Fig.  3.  The  study  showed  that 
nano-sized  Ti02  (50  nm)  could  be  inserted  up  to  0.23  Li  per  Ti02 
rutile  which  corresponds  to  a  specific  capacity  of  77 mAhg-1  (at 
1/10C)  during  the  first  reduction  down  to  1.0  V,  out  of  which  0.11 
Li+  can  be  extracted  during  the  following  oxidation.  When  the 
size  was  decreased  to  10  nm,  Li-reaction  with  the  nanostructured 
rutile  rod  particles  (10  nm  x  200  nm)  was  up  to  0.85  Li  during  the 
first  reduction  under  the  same  test  conditions.  The  Li-reaction  pro¬ 
gressed  through  two  solid  solution  domains,  and  then  through  an 
irreversible  phase  transformation  into  electroactive  rocksalt  type 
LiTi02  (ccp)  due  to  the  volume  expansion  in  the  ab-plane.  The 
subsequent  oxidation  and  cycling  were  carried  out  on  the  nanos¬ 
tructured  LiTi02,  giving  a  reversible  capacity  to  0.5  Li  per  oxide  that 
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Fig.  4.  (a,  b)  High-resolution  TEM  images  of  as-synthesized  mesoporous  crystalline  Ti02.  Inset  in  (b)  shows  corresponding  SAED  pattern,  (c)  High-resolution  TEM  image  of 
calcined  mesoporous  crystalline  Ti02.  (d)  TEM  image  of  aggregated  spherical  anatase  particles  outside  of  nano-rod-based  mesoporous  rutile  in  mesoporous  crystalline  Ti02. 
(e)  SAED  pattern  from  the  oriented  rodlike  nanocrystal  area  circled  in  (d).  The  diffraction  ring  pattern  is  consistent  with  that  of  rutile  crystal  structure,  (f)  SAED  pattern  from 
spherical  nano-particle  area  circled  in  (d).  The  diffraction  ring  pattern  is  consistent  with  that  of  the  anatase  crystal  structure  [58]. 


is  comparable  to  that  of  bulk  anatase  form  of  Ti02,  which  is  gener¬ 
ally  considered  to  be  a  more  electrochemically  active  Li-insertion 
host  (to  be  discussed  later).  The  nano-rutile  exhibited  smooth  and 
continuous  sloping  voltage  composition  curves  that  resemble  the 
Li-insertion/extraction  into  layered  V2O5  [55].  Overall,  it  appeared 
that  the  main  kinetic  limitations  were  linked  to  mechanical  strains 
that  were  reduced  as  the  particle  size  decreased,  thereby  enabling 
more  efficient  Li-insertion.  This  size  effect  was  expected  to  be 
more  significant  for  nano-rods  aligned  along  c-axis  due  to  the  main 
expansion  occurring  along  the  smaller  dimension  in  ab-planes. 
Similarly,  Anji  Reddy  et  al.  [56]  confirmed  the  Li-insertion  up  to 
1  Li  per  formula  unit  at  room  temperature  in  nanocrystalline  rutile 
Ti02  that  was  synthesized  via  sol-gel  approach.  Jiang  et  al.  [57] 
reported  recently  that  Li-insertion  can  be  up  to  1.0  Li  per  Ti02  rutile 
nano-electrodes  at  the  first  discharge  cycled  at  0.05  A g-1  (or  about 
1/6C),  and  0.6-0.7  Li  can  be  reversibly  cycled.  After  100  cycles,  the 
discharge  capacity  of  the  ultra-fine  nano-rutile  electrodes  was  still 
of  132  and  118  mAh  g-1  when  cycled  at  5  and  10  A g-1  (or  about  16 
and  32C),  respectively. 

In  addition  to  the  aforementioned  nanostructures  of  the  rutile 
phase,  Liu  and  co-workers  [58]  recently  studied  Li-insertion  activ¬ 
ities  in  mesoporous  rutile  Ti02  (plus  a  residual  amount  of  anatase) 
that  was  synthesized  via  a  new  low-temperature  solution  growth  of 
Ti02  nanocrystals  within  an  anionic  surfactant  matrix.  The  highly 
crystalline  and  high  surface  area  (245-300  m2  g-1)  mesoporous 
Ti02,  as  illustrated  in  Fig.  4,  are  composed  of  aligned  rutile  nano-rod 


building  blocks  grown  along  the  [001]  direction.  Fig.  5  shows  the 
Li-insertion  properties  of  the  new  mesoporous  crystalline  rutile.  It 
could  accommodate  more  than  0.7  Li  (Li0.7TiO2, 235  mAhg-1 )  dur¬ 
ing  the  first  discharge  at  a  C/5  rate  between  1  and  3  V  vs.  Li+/Li,  with 
a  reversible  capacity  of  0.55  Li  (Li0.55TiO2, 185  mAh  g-1 ).  The  meso¬ 
porous  crystalline  rutile  shows  excellent  capacity  retention  with 
less  than  10%  capacity  loss  after  more  than  100  cycles.  Their  study 
indicated  that  the  rutile  nano-rods  were  irreversibly  transformed 
into  cubic  rocksalt  LiTi02  nano-rods  during  the  first  discharge.  But 
thereafter  the  mesostructure  of  LiTi02  remained  stable  during  sub¬ 
sequent  discharge/charge  cycling. 

3.2.  Anatase 

In  comparison  with  the  rutile  structure,  the  uptake  of  Li+  appears 
more  facile  in  the  anatase  lattice.  It  has  a  tetragonal  body-centered 
space  group  /4i /amd,  and  is  comprised  of  Ti06  octahedra  shar¬ 
ing  two  adjacent  edges  with  two  other  octahedra  so  that  planar 
double  chains  are  formed  [59].  Diffusion  of  Li  ions  in  an  anatase 
framework  occurs  along  a  reaction  path  connecting  the  octahedral 
interstitial  sites  [60,33,31].  With  Li-insertion  the  symmetry  of  the 
anatase  unit  cell  decreases  and,  when  x  =  0.5  (Li0.5TiO2),  its  original 
lA\\amd  symmetry  transforms  into  the  orthorhombic  Pmn2\  space 
group  due  to  loss  of  symmetry  in  they  direction  [61  ].  The  change  in 
symmetry  is  accompanied  by  a  decrease  of  the  unit  cell  along  the 
c-axis  and  an  increase  along  the  b-axis,  resulting  in  a  net  increase 
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Fig.  5.  (a)  First  three  potential-capacity  profiles  of  mesoporous  crystalline  Ti02  at  a  rate  of  C/5  between  voltage  limits  of  1  and  3  V  vs.  Li+/Li.  (b)  Fifth  cycle  discharge-charge 
capacity  profile  of  the  mesoporous  crystalline  Ti02  at  the  various  rate  (1C-C/10)  between  voltage  limits  of  1  and  3  V.  (c)  dQJdV  vs.  potential  plot  of  lithiated/delithiated 
mesoporous  crystalline  Ti02.  (d)  Cycling  behavior  of  mesoporous  crystalline  Ti02  up  to  100  cycles  at  a  1C  rate  [58]. 


of  ~4%  of  the  unit  cell  volume  and  a  rapid  capacity  fade  [62].  As 
thus,  for  bulk  anatase,  x  =  0.5  is  most  consistently  reported  as  the 
maximum  electrochemical  insertion  of  Li  [63-66].  Further  study 
by  Wagemaker  et  al.  [67-70]  found  that,  during  Li-insertion,  the 
anatase  undergone  spontaneous  phase  separation  into  Li0.oiTi02 
and  Li0.6TiO2  domains  on  a  scale  of  several  tens  of  nanometers. 
As  shown  in  Fig.  6,  bulk  anatase  demonstrates  flat  voltage  curves, 
indicating  a  classical  bi-phase  electrochemical  reaction  process  of 
the  Li-insertion/extraction.  Similar  to  the  rutile  structure,  decreas- 


Reversible  capacity  (Li  ion/Ti02) 

Fig.  6.  Comparison  between  the  electrochemical  behavior  of  rutile  (nano-rod)  and 
anatase  type  Ti02  after  the  first  reduction  in  a  galvanostatic  mode  with  30mAg-1 
between  3  and  1 V  in  1  M  LiPF6.  EC/DMC  electrolyte  at  20  °C  [63]. 


Capacity  (mAh/g) 


Fig.  7.  Nano-anatase  Ti02  voltage  profiles  of  the  as-prepared  (150  °C),  annealed 
nanotubes  (300  °C),  and  nano-rods  (400  °C)  between  2.5  and  IV  at  a  rate  of  0.1  C 
(=25mAg_1)  after  1st,  2nd,  10th,  20th,  and  30th  cycles  using  coin-type  half-cells 
(electrode  density  was  2  g  cm-3 )  [76]. 
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Fig.  8.  (a)  Charge-discharge  curves  for  LixTi02-B  nanowires  (rate  of  10  mAg-1 );  (b) 
comparison  of  cycling  behavior  for  Ti02-B  nanowires,  Ti02-B  nano-particles  and 
nano-particulate  anatase,  all  at  200  mAg-1  [79,80]. 

ing  the  particle  size  into  the  nano-regime  (<100  nm)  alternates  the 
electrochemical  reactions  and  reactivity  to  Li.  The  Li-interaction 
with  the  nanostructures  appeared  deviating  from  the  two  phase 
equilibrium  phenomenon  in  the  bulk  materials,  instead  of  behav¬ 
ing  more  like  solid  solution  [71].  The  size  reduction,  along  with 
unique  morphologies,  also  led  to  increased  capacity  over  0.5  Li  per 
unit  formula  due  to  the  surface-confined  charge  storage  and  differ¬ 
ent  Li-reaction  mechanisms  from  that  in  the  bulk  materials  [72,73]. 
Gao  et  al.  [74]  reported  first  discharge  and  charge  capacities  of 
340  and  200  mAhg-1,  respectively,  for  the  anatase  nanotubes  that 
were  synthesized  with  10-15  nm  outer  diameters  and  200-400  nm 
lengths  by  annealing  the  hydrothermally  prepared  protonated  nan¬ 
otubes  at  500  °C  in  an  argon  atmosphere.  Li  et  al.  [63]  prepared 
the  anatase  Ti02  nanotubes  with  outer  diameters  of  9nm  and 
several  hundred  nanometer  lengths  by  annealing  at  350  °C  using 
hydrothermal-treated  protonated  titanate  nanotubes.  The  anatase 
nanotubes  exhibited  first  discharge  and  charge  capacities  314  and 
248  mAhg-1 ,  respectively,  but  with  active  material  loading  only  of 
3-4  mg  cm-2.  Zhang  and  co-workers  [75]  prepared  the  anatase  nan¬ 
otubes  with  diameters  of  about  10  nm  and  lengths  of  200-400  nm 
via  a  hydrothermal  approach.  The  one-dimensional  Ti02  poly¬ 
morph  exhibited  a  potential  plateau  at  1.73  and  1.88  V  in  the  process 
of  Li-insertion  and  extraction,  and  the  initial  Li-insertion/extraction 
capacity  is  290  and  238  mAhg-1  at  36 mAg-1,  respectively. 

Kim  and  Cho  [76]  reported  both  anatase  Ti02  nanotubes  and 
nano-rods  that  were  prepared  by  annealing  mixed  H2Ti205-H20 
and  anatase  Ti02  nanotubes  at  300  and  400  °C,  respectively. 


These  two  nanostructures  exhibited  a  first  discharge  capacities  of 
296  mAh  g-1  (Li0.88TiO2)  and  215  mAhg-1  (Li0.64TiO2),  respectively, 
as  shown  in  Fig.  7,  in  a  galvanostatic  mode  with  25  mA  g-1  (or  about 
1/10C)  between  2.5  and  1  V  in  1  M  LiPF6  EC/DMC  PC  electrolyte. 
Irreversible  capacity  ratios  were  reported  as  14  and  15%  for  anatase 
nanotubes  and  nano-rods,  respectively.  Capacity  retention  of  the 
nanotubes  was  81%,  compared  with  only  40%  for  the  nano-rods 
after  30  cycles.  It  was  found  that  the  high  rate  performance  of  nano¬ 
rods  strongly  depended  on  the  electrode  density.  Nano-rods  with 
0.5  gem-3  (=12  mg  cm-2)  showed  200  and  160  mAh  g-1  at  0.5  and 
10C  rates,  respectively.  In  contrast,  nanotubes  showed  no  capacity 
decrease  at  0.5C  or  10C  under  an  electrode  density  of  either  1.0  or 
0.5  gem-3.  Under  2  gem-3  (=31  mg  cm-2),  nanotubes  showed  245 
and  185  mAhg-1  at  0.5  and  2C  rates,  respectively.  Recently,  Bao  et 
al.  [77]  reported  nano-porous  anatase  nano-rods  that  were  synthe¬ 
sized  by  using  a  binary  eutectic  mixture  system.  This  novel  material 
exhibited  a  high-specific  surface  area  with  5  nm  pore-size  distribu¬ 
tion,  uniform  and  regular  rod-shaped  structures.  The  nano-porous 
structure  demonstrated  a  good  cyclability  and  a  high  rate  capability. 

3.3.  Bronze  or  Ti02-B 

Ti02-B  was  first  synthesized  by  Marchand  et  al.  [37]  in  1980 
by  ion-exchange  of  K+  for  FT  in  K2Ti409  to  form  a  hydrated  hydro- 

x  in  Lix  Ti02 
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Fig.  9.  (a)  Voltage-capacity  profiles  of  brookite  Ti02  for  the  first  10  cycles  carried 
out  in  the  voltage  range  1.0-3.0V  at  C/10  rate;  (b)  the  corresponding  differential 
capacity  plot  for  the  first  5  cycles  [86]. 
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Fig.  10.  Elemental  mapping  of  mesoporous  Ti02:Ru02  nano-composite,  (a)  Annular  dark-field  TEM  image  of  mesoporous  Ti02:Ru02  nano-composite  and  corresponding  Ti 
and  Ru  EDX  maps;  (b)  HRTEM  image  taken  from  the  outer  edges  of  a  Ti02:Ru02  sphere;  (c)  corresponding  schematic  illustration  of  the  self-wired  path  of  deposited  Ru02 
nano-particles  [87]. 


gen  titanate,  which  transformed  to  Ti02-B  during  heating  at  500  °C. 
Like  rutile  and  anatase,  Ti02-B  is  composed  of  corrugated  sheets  of 
edge-  and  corner-sharing  Ti06  octahedra  [78].  But  in  the  case  of 
Ti02-B,  the  octahedra  are  arranged  to  form  perovs kite-like  path¬ 
ways  along  which  inserted  Li+  may  undergo  facile  transport.  The 
structure  of  Ti02  is  more  open  than  other  polymorphs,  with  a  den¬ 
sity  of  3.73 gem-3  compared  with  4.25  and  3.89 gem-3  for  rutile 
and  anatase,  respectively.  The  open  structure  may  also  ease  Li+ 
transport. 


Armstrong,  et  al.  [79-81]  prepared  Ti02-B  nanowires  via 
hydrothermal  reaction  between  sodium  hydroxide,  NaOH,  and  Ti02 
anatase.  Subsequent  electrochemical  evaluation  gave  a  capacity  of 
305  mAh  g-1,  or  Li0.giTiO2-B,  compared  with  240  mAh  g-1  of  bulk 
Ti02-B.  Incremental  capacity  plots  (dQ/d£  vs.  E )  indicated  no  signifi¬ 
cant  structural  change  occurring  during  the  Li-insertion/extraction. 
While  the  capacity  of  the  Ti02-B  nanowires  was  comparable  to 
that  of  nano-particulate  Ti02-B,  the  nanowires  demonstrated  supe¬ 
rior  capacity  retention.  After  50  cycles,  the  capacity  of  the  Ti02-B 


Fig.  11.  (a)  TEM  image  of  functionalized  graphene  sheets  (FGSs).  (b),  (c),  and  (d)  Low-  and  high-magnification  TEM  and  SEM  images  of  the  self-assembled  rutile  Ti02-FGS 
hybrids,  respectively;  (e)  A  cross-section  TEM  image  of  rutile  Ti02-FGS  hybrid  showing  nanostructured  rutile  Ti02  lying  on  the  FGS. 
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nanowires  was  about  twice  that  of  nano-particulate  Ti02-B.  It  was 
also  reported  that  the  Ti02-B  nanowires  performed  much  better 
than  nano-particle  anatase  with  an  average  particle  size  compa¬ 
rable  to  the  diameter  of  the  Ti02-B  nanowires  (see  Fig.  8).  But 
like  the  other  polymorphs,  nanostructured  or  bulk,  there  was  still 
an  irreversible  capacity  loss  on  the  first  cycle,  which  was  ten¬ 
tatively  attributed  to  the  poor  conductivity  of  Ti02.  Lately  there 
have  been  further  insights  into  Li-reaction  with  nanostructured 
Ti02  (B).  Graetzel  and  co-workers  [73]  reported  and  discussed  the 
pseudocapacitive  lithium  storage  in  Ti02  (B).  The  Li-insertion  elec¬ 
trochemistry  of  Ti02  (B)  appears  different  from  that  of  anatase. 
Whereas  the  kinetics  of  lithium  storage  is  controlled  by  solid-solid 
state  diffusion  of  Li+,  the  Ti02(B)  host  accommodates  lithium  by  a 
pseudocapacitive  faradic  process,  which  is  not  controlled  by  diffu¬ 
sion  at  comparable  conditions. 

To  further  evaluate  the  electrochemical  performance  of  Ti02-B 
nanowires,  Armstrong  et  al.  [82]  constructed  rechargeable  lithium- 
ion  batteries  with  the  nanowires  as  an  anode,  a  gel  electrolyte,  and 
either  a  LiFeP04  or  LiNio.5Mn1.5O4  cathode.  Average  cell  voltages 
of  approximately  2  and  3  V  were  obtained,  respectively.  Cycling 
stability  was  very  good  as  was  rate  capability,  with  80%  of  the  low- 
rate  capacity  being  retained  at  5C.  The  cells  with  the  Ti02-B  anode 
demonstrated  superior  capacity  compared  to  similar  batteries  con¬ 
structed  using  Li4Ti50i2  (225  mAh  g-1  compared  to  150  mAh  g-1  at 
C/5)  [83]. 

3.4.  Brookite 


Guo  et  al.  [87]  reported  superior  electrochemical  performance 
of  nanostructured  mesoporous  Ti02  (anatase)  through  efficient 
hierarchical  mixed  conducting  networks.  The  hierarchically  con¬ 
structed  nano-anatase  electrode,  as  shown  in  Fig.  10,  was  fabricated 
with  Ru02,  a  material  with  good  electrical  conductivity,  provid¬ 
ing  highly  conducting  paths  for  electrons  in  a  three-dimensional 
network.  This  nano-sized  network  resulted  in  negligible  diffusion 
times,  enhanced  local  conductivities,  possibly  faster  phase  trans¬ 
formation  reactions,  and  hence  appeared  to  be  the  key  to  good 
power  performance  for  the  material.  While  the  use  of  expensive 
precious  metal  or  its  oxide  is  questionable  for  commercial  applica¬ 
tions,  integration  of  conducting  additive  materials  at  the  nano-scale 
appears  feasible  for  significant  performance  improvement.  A  spe¬ 
cific  charge  capacity  of  around  214  mAh  g-1  was  obtained  at  a  rate  of 
C/5  after  20  cycles,  which  was  lowered  to  190, 147,  and  125  mAh  g-1 
at  1,  5,  and  10C,  respectively.  At  the  very  high  rate  of  30C  (dis¬ 
charge/charge  of  all  the  Ti02  within  2  min),  the  specific  charge 
capacity  is  still  91  mAhg-1,  which  is  about  two  times  larger  than 
that  of  5  nm  anatase  (48  mAhg-1 )  and  nine  times  larger  than  that 
of  mesoporous  anatase  spheres  without  interior  electronic  wiring 
(10  mAh  g-1 ).  The  reversibility  is  demonstrated  by  the  fact  that  the 
capacity  of  210  mAhg-1  is  regained  if  the  rate  is  lowered  to  C/5. 

Recently,  Liu  and  co-workers  [88]  developed  self-assembled 
rutile  Ti02 /graphene  hybrid  nanostructures  via  anionic  surfactant 
mediated  growth.  As  shown  in  Fig.  11,  the  highly  electron- 
conductive  graphene,  a  two-dimensional  graphite,  is  integrated 
into  the  nanostructured  rutile  and  acts  as  the  current  collector  to 
minimize  electrical  resistance  and  power  loss  of  the  electrode.  As  a 


In  addition  to  rutile,  anatase,  and  bronze  structures,  brookite 
was  recently  investigated  for  its  Li-electrochemical  reactivity.  Anji 
Reddy  et  al.  [84,85]  reported  synthesis  of  brookite  by  thermoly¬ 
sis  of  TiCl4  at  100  °C.  The  obtained  rutile  and  brookite  mixture 
was  separated  by  peptization  in  3  M  nitric  acid  followed  by  cen¬ 
trifugation.  The  nano-sized  (10  nm)  brookite  was  tested  as  a  Li-ion 
anode,  which  delivered  reversible  capacity  of  170  mAh  g-1  for  more 
than  40  cycles.  The  specific  capacity  of  brookite  varied  with  the 
size  of  the  particles,  where  20  and  33  nm  sized  brookite  deliv¬ 
ered  60  and  35  mAh  g-1  after  50  cycles,  respectively.  Also,  Lee  et 
al.  [86]  synthesized  brookite  by  urea  precipitation  and  investigated 
10-20  nm  sized  brookite  with  multi-walled  carbon  nanotubes, 
which  delivered  160  mAh  g-1  over  50  cycles.  Li-insertion/extraction 
was  observed  at  1.7  and  2.02  V,  respectively,  compared  to  1.64  and 
2.1  V  for  anatase  (Fig.  9). 


4.  Hierarchical,  composite  nanostructures  of  Ti02 
polymorphs 

As  reviewed  and  discussed  previously,  nanostructuring  Ti02 
polymorphs  leads  to  improved  Li-intercalation  properties  due  in 
part  to  shortened  Li+-diffusion  distances.  Flowever,  this  kind  of 
structural  refinement  may  not  concomitantly  lead  to  shortened 
electron-transport  distances  if  the  electron-conductive  additive 
used  for  the  current  collector  is  not  sufficiently  mixed  or  simi¬ 
larly  structured  at  nano-scale.  Indeed  nanostructuring  may  make 
it  more  difficult  to  mix  uniformly  a  conductive  second  phase,  such 
as  the  carbon  black  at  the  nano-scale.  As  a  result,  the  electron 
transport  part  may  remain  sluggish  due  to  the  poor  conductivity 
of  Ti02  and  thus  limit  the  overall  Li-electrochemical  activity  of  the 
material.  For  instance,  for  the  nano-particulates,  wires  and  tubes 
of  Ti02  polymorphs,  there  is  still  a  substantial  irreversible  capac¬ 
ity  loss  during  the  first  cycles  likely  due  to  the  poor  electronic 
conductivity.  Developing  nanostructured  composite  structures  that 
integrate  the  electron-conductive  additive  phase  appears  to  be  a 
promising  approach  due  to  both  shortened  Li-transport  distances 
and  facile  electron  transport. 
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Fig.  12.  (a)  Specific  capacity  of  nanostructured  Ti02  and  nanostructured  Ti02-FGS 
(functionalized  graphene  sheet)  hybrids  (1  wt.%  FGS)  at  different  charge/discharge 
rates,  and  (b)  cycling  performance  of  Ti02-FGS  (1  wt.%  FGS)  up  to  100  cycles  at  1C 
charge/discharge  rates  after  testing  at  various  rates  [88]. 


Z.  Yang  et  al  /  Journal  of  Power  Sources  192  (2009)  588-598 


597 


result,  this  nanostructured  material  demonstrated  enhanced  Li-ion 
insertion/extraction  kinetics,  especially  at  high  charge/discharge 
rate,  and  an  excellent  cyclability,  as  shown  in  Fig.  12.  Indeed, 
the  power  performance  of  this  nanostructured  rutile/graphene 
composite  is  indeed  comparable  or  even  better  to  that  of  the  hier¬ 
archically  constructed  composite  Ti02/Ru02  electrode  discussed 
above.  With  the  incorporation  of  the  functionalized  graphene 
sheets  (FGS),  specific  capacity  of  the  rutile  Ti02  in  the  hybrids 
(0.5wt.%  FGS)  increased  at  all  charge/discharge  rates  compared 
with  the  control  rutile  Ti02.  The  relative  increase  in  specific  capac¬ 
ity  is  especially  larger  at  higher  rates.  For  instance,  at  a  rate  of 
30C,  the  specific  capacity  of  the  rutile  Ti02-FGS  hybrid  material 
is  87mAhg_1  which  is  more  than  double  the  high  rate  capacity 
(35  mAh  g-1 )  of  the  control  rutile  Ti02.  The  rutile  Ti02-FGS  hybrids 
also  show  good  capacity  retention  of  the  Li-ion  insertion/extraction 
over  100  cycles  at  1C  rate.  Similarly,  the  anatase  Ti02-FGS  hybrid 
was  also  synthesized.  Like  the  rutile  Ti02-FGS,  specific  capacity  of 
the  anatase  Ti02-FGS  hybrid  was  enhanced  at  all  charge-discharge 
rates.  The  specific  capacity  of  the  anatase  Ti02-FGS  at  rate  of  30C  is 
as  high  as  96  mAh  g-1  compared  with  25  mAh  g-1  of  control  anatase 
Ti02. 

In  addition,  Zhou  et  al.  [89]  introduced  a  new  concept  in  the 
design  of  an  electrode  material  having  a  self-ordered,  crystalline- 
glass,  mesoporous  nano-composite  (CGMN)  structure,  as  shown 
in  Fig.  13.  The  5nm  frameworks  of  the  CGMN  were  assembled  in 
a  compact  arrangement  from  electrode-active  nanocrystals  with 
a  small  quantity  of  glass  phase.  The  4nm  uniform  mesochan- 
nels  of  the  CGMN  were  filled  with  electrolyte  solution  to  provide 
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Fig.  13.  (a)  A  schematic  representation  of  the  effective  diffusion  length  in  electrode¬ 
active  materials.  The  area  marked  in  yellow  shows  the  volume  reacting  with  Li+  ions 
in  the  charge/discharge  period  r  in  a  diffusion-controlled  process,  (b)  A  schematic 
representation  of  the  reduced  diffusion  length  in  a  rechargeable  battery  containing  a 
self-ordered,  crystalline-glass,  mesoporous  nano-composite  [89].  (For  interpretation 
of  the  references  to  color  in  this  figure  legend,  the  reader  is  referred  to  the  web 
version  of  the  article.) 


electrolyte  and  lithium-ion  transport  pathways  throughout  the 
material.  In  addition,  the  high  surface  area  of  the  CGMN  reduces 
the  effective  specific  current  density.  The  three-dimensional  glass 
network  in  the  framework  of  the  CGMN  was  able  to  incorporate  a 
high  content  of  electronic  conductive  oxides  above  the  percolation- 
threshold  value  to  form  an  electronic  path,  and  to  add  lithium  ions 
as  a  network  modifier  during  the  first  insertion  process  to  form  an 
ionic  path.  As  a  result,  the  nano-composites  demonstrated  a  sig¬ 
nificant  improvement  in  specific  energy  capacities  at  high  current 
densities. 

5.  Concluding  remarks 

Following  the  commercial  success  in  lithium  titanites,  partic¬ 
ularly  in  their  nanostructures,  extensive  researches  have  been 
carrying  out  on  titanium  oxide  polymorphs  and  their  composites. 
Lithium  insertion  is  fairly  well  understood  in  the  case  of  anatase 
and  bronze  polymorphs.  The  Li-insertion  electrochemistry  of  Ti02 
(B)  appears  different  from  that  of  anatase.  Whereas  the  kinetics  of 
lithium  storage  is  controlled  by  solid-solid  state  diffusion  of  Li+,  the 
Ti02(B)  host  accommodates  lithium  by  a  pseudocapacitive  faradic 
process,  which  is  not  controlled  by  diffusion  at  comparable  con¬ 
ditions.  Flowever,  lithium  insertion  into  other  polymorphs  such  as 
rutile  and  brookite  was  not  well  known  until  very  recently,  when  a 
high  Li-electrochemical  activity  was  reported  in  nanometer-sized 
rutile  and  brookite  at  room  temperature.  Generally,  nanostruc¬ 
turing  led  to  improved  Li-reaction  activities  due  to  shortened 
Li+-diffusion  distances  and  increased  electrode/electrolyte  interfa¬ 
cial  contact  areas,  as  well  as  potentially  enhanced  solubility  and 
capacity.  With  a  much  higher  diffusivity  along  the  c-axis  than  in 
the  ab-plane,  rutile  nano-rods  grown  along  [001]  direction  demon¬ 
strated  a  substantially  improved  Li-insertion  activity.  Therefore, 
Li-insertion  activity  for  Ti02  polymorphs  is  not  only  dependent  on 
the  crystal  size,  but  likely  also  on  particle  morphology  and  crystal¬ 
lographic  orientation. 

Further  improvement  in  the  Li-insertion  properties  was 
obtained  when  electron  transport  was  also  improved.  For  Ti02  poly¬ 
morphs,  this  is  particularly  important  given  their  poor  electrical 
conductivity.  Introducing  composite  nanostructures  that  integrated 
an  electron-conductive  phase  at  the  nano-scale  showed  remarkable 
performance  enhancement,  presumably  because  of  both  short  Li+ 
diffusion  distances  and  improved  electron  transport.  The  steadily 
improving  performance  of  Ti02  attained  through  nanostructuring, 
combined  with  its  inherently  favorable  interfacial  chemistry  and 
safety  make  nanostructured  lithium  titanites  a  promising  replace¬ 
ment  for  graphite  in  anodes  of  Li-ion  batteries.  To  gain  commercial 
success,  however,  requires  continued  fundamental  advances  in  the 
science  and  engineering  of  materials  and  in  fabrication  technologies 
to  enable  further  improved  performance. 
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